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ABSTRACT
A numerical evaluation technique is used to study the impact of
practical barriers, such as heavy doping effects (Auger recombination, band
gap narrowing), surface recombination, shadowing losses and minority-carrier
lifetime (r), on a high efficiency silicon solar cell performance. A
hypothetical case, considering only radiative recombination losses and
ignoring technology limited and fundamental losses is evaluated to estimate
highest efficiency. Considering a high T of 1 ms, efficiency of a silicon
solar cell of the hypothetical case is estimated to be around 29%. This is
comparable with (detailed balance limit) maximum efficiency of a p-n junction
solar cell of 30%, estimated by Shockley and Queisser. Value of T is varied
from 1 second to 20 /xs. Heavy doping effects, and realizable values of
surface recombination velocities and shadowing, are then considered in
succession and their influence on cell efficiency is evaluated and
quantified. It is shown that these practical barriers cause the cell
efficiency to reduce from the maximum value of 29% to the experimentally
achieved value of about 19%. Improvement in open circuit voltage (Voc) is
required to achieve cell efficiency greater than 20%. Increased value of T
reduces reverse saturation current and, hence, improves Voc. Control of
surface recombination losses becomes critical at higher VQC. Substantial
improvement in T and considerable reduction in surface recombination
velocities is essential to achieve cell efficiencies greater than 20%. Lack
of available data for minority-carrier mobility, heavy doping effect, T in
thin emitters, surface recombination velocities, etc., are discussed.
Limitations of one dimensional numerical analysis for considering two and
three dimensional cell designs, such as floating emitter and dot junction
cells, are pointed out.
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SECTION I
INTRODUCTION
As of today, the highest silicon solar cell efficiency practically
realized is about 19% under 100 mW/cm^ illumination (References 1 and 2).
It is achieved by using best quality substrate and incorporating known high
efficiency design features to enhance current collection and to reduce reverse
saturation current, thereby improving Voc. Some interesting questions to be
answered are the following: what is the ultimate performance limit for
crystalline silicon solar cells, what are the practical barriers, how much do
these barriers influence in limiting the cell performance individually and
collectively, and can these effects be quantified? Some of the earlier
studies performed, that answered these questions partially, are briefly
described below. Subsequently, the method followed during this study is
presented.
The approach followed in the past for estimating the efficiency limits
are classified into two categories, namely theoretical (References 3 through 5)
and semiempirical (References 6 and 7). A hypotnetical semiconductor material
is considered in the theoretical approach and cell efficiency as a function of
band gap is estimated taking into account only the radiative recombination, as
required by the principle of detailed balance and ignoring all other
fundamental loss mechanisms (such as heavy doping effects). This gives the
limiting efficiency known as the detailed balance limit of efficiency.
Assuming the sun and a p-n junction silicon (band gap 1.1 eV) solar cell to be
black bodies at temperatures of 6000°K and 300°K, respectively, Shockley
and Queisser (Reference 3) have estimated the maximum efficiency of about
30%. In the semiempirical approach, a particular design with known material
properties is considered and efficiency estimate is based on empirical values
for tne constants describing the characteristics of the solar cell. The
efficiency limit predicted by this approach is known as the semiempirical
limit.
Tne detailed balance limit approach has the weakness of neglecting
fundamental loss mechanisms such as Auger recombination. Similarly in the
semiempirical approach, being based on a particular design, the device
dependent losses, in principle, can be eliminated by innovative designs.
The detailed balance limit of efficiency is expressed as a function of
four variables, namely Xg, Xc, ts and f, which in turn depend upon other
parameters defined below. X~ and Xc are the ratios involving the three
parameters, namely:
Ee = the energy gap of the semiconductor
o
Ts = temperature of the sun
Tc = temperature of the ceil
and are expressed as
Xg = Eg/kTs (1)
and
Xc = TC/TS (2)
where k is Boltzmann's constant.
The term ts is defined as the probability that a photon with energy greater
than EK incident on the surface will produce a hole-electron pair, and f is
defined as
f
 =
 fc fw ts/2tc (3)
where
fc = radiative recombination as a fraction of total recombination
fw = the geometrical factor dependent upon the solid angle subtended by
the sun and the angle of incidence upon the solar cell
tc = probability that an incident photon of energy greater than Eg
will enter the body and produce a hole-electron pair
The factor 2 (Equation 3) comes from the fact tnat sunlight falls only
on one of the two cell surfaces.
Considering a perfectly absorbing cell (ts = tc = 1) with normal
incidence (fw = wg/7r), radiative recombination only (fc = 1), Tg = 6000°K
and Tc = 300°K, the maximum efficiency is estimated to be 30% for p-n
junction silicon solar cell. For this cell the ultimate efficiency considering
Ts = 6000°K, Tc = 0°K and f = 1 is estimated to be 44%.
Similarly, a general expression is derived by Mathers (Reference 5) for
the upper limit of efficiency without assuming any specific device structure
and the spectrum of the incident radiation or the absorption characteristics
of the cell. The detailed balance limit derived for p-n junction cell
(Reference 3) is shown to be a special case of this general result.
Tiedje, et al. (Reference 8), have extended the detailed balance method
to include free carrier absorption and Auger recombination in addition to
radiative losses. The limiting efficiency is found to be 29.8% under
100 mW/cm^, based on measured optical absorption spectrum and published
values of the Auger and free-carrier absorption coefficients.
In this study, we have used a one-dimensional numerical analysis technique
to evaluate the performance of a given silicon solar cell design. This method
uses all the device-based data as input. All the practical barriers which
are responsible for the semiempirical limit are also considered. The same
method is used for estimating the ideal case ignoring all the other losses
except the Shockley-Read-Hall (SRH) (References 9 and 10) recombination, which
gives an approximation for a theoretical limit. The impact of practical
barriers is estimated and quantified by taking them into account, one-by-one,
in sequence.
Numerical analysis procedure and the base case design considered for
analysis are described in Section II. Estimation of maximum efficiency
approaching the theoretical limit and the gradual reduction of efficiency by
introduction of practical barriers (such as Auger recombination, band-gap
narrowing, and surface recombination velocities) is discussed in Section III.
Limitations of the one-dimensional code in analyzing complicated cell designs,
and lack of reliable experimental data and measurement techniques are
described in Section IV and the study is summarized in Section V.
SECTION II
NUMERICAL EVALUATION
An accurate, sophisticated numerical analysis program (Reference 11) is
used in this study as a basic tool for evaluating the performance of a silicon
solar cell of a given design. A high efficiency cell design, based on our
earlier studies (References 12 and 13), is used as an example for analyzing
the impact of practical barriers on cell performance. Tne simulation program
and the base case design are briefly described below.
A. SIMULATION PROGRAM
Solar Cell Analysis Program in 1-Dimension (SCAP1D) of Purdue University
(Reference 11) is the simulation program used in this study. Mathematical
model used in SCAP1D consists of Poisson's equation, electron continuity
equation, and hole continuity equation; along with the electron and hole
transport equations, which consider heavy doping effects such as nonuniform
band structure and influence of Fermi-Dirac statistics. Two parameters,
namely, effective band-gap shrinkage (Afig), and effective asymmetry factor
(X), account for the heavy doping effects. The empirical band-gap narrowing
model developed by Slotboom and De Graaff (Reference 14) is used for
calculatingAEg. Solar cell performance parameters, Voc, short circuit
current density (Jsc), fill factor (FF), and efficiency (7?) are calculated
with an arbitrary choice for the value of Y (Reference 15) between 0 and 1.
(Normally, /= 0.5 is used). Other phenomenological submodels incorporated in
SCAP1D include the following: an empirical formula for the wavelength
dependence of the absorption coefficient developed by Rajkanan, et al.,
(Reference 16); the doping dependent mobility from the empirical formula of
Caughey and Thomas (Reference 17); and Auger recombination coefficients
(band-to-band) from the measurements of Dziewior and Schmid (Reference 18).
A solar cell is divided into a large number of nonuniform grid points
along the cell thickness, and the set of three differential equations are
solved numerically by conventional finite difference technique. The solution
gives the values of hole concentration (p), electron concentration (n) and
electrostatic potential (v) as a function of position (along the cell thick-
ness). Knowing p, n and v, cell performance parameters Voc, Jsc, FF and7?
are computed.
Doping and geometric details of the design are specified by the user.
T and surface recombination velocities are also specified. User has a choice
of considering Auger recombination and/or band-gap narrowing. Any of the
design parameters can be altered individually or collectively for performing
sensitivity analysis.
B. HIGH PERFORMANCE SILICON SOLAR CELL DESIGN
Since the current collection efficiency in cells has reached a near
optimum level, improvement in silicon solar cell performance is possible by
increase of Voc (Reference 2). Reduction of reverse saturation current
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density (Jo) will result in enhancement of Voc. Recombination losses
throughout the cell must be minimized to reduce Jo. Innovative design
features are used to reduce the influence of loss mechanisms.
Surface recombination losses are reduced by passivating tne surfaces with
a thermally grown oxide layer. Attempts are made to reduce the recombination
losses under the ohmic contact by providing a thin oxide layer below the con-
tact and establishing the contact by quantum mechanical tunneling (Reference 1).
Reducing the contact area is another approach (Reference 2). Providing a highly
doped polysilicon layer under the contact is yet another method of controlling
the recombination losses under the contact (Reference 13), which is presently
under investigation.
The cell is made thin for reduction of bulk recombination losses. How-
ever, it has an adverse effect on optical absorption. Back surface reflector
is therefore provided to effectively double the physical thickness to reduce
the optical absorption loss.
A thin passivated silicon solar cell design, with back surface reflector,
has been evaluated in our earlier study (Reference 13). It has been shown
that a cell with 0.2H-cm substrate resistivity, 100 ^.m thickness with front
and back surface recombination velocities of 1000 cm/s and T= 20/is is
capable of achieving 20% cell efficiency. In order to achieve cell efficiency
greater than 20%, all recombination losses should be reduced to the extent
that the total of Jo is less than 2 x 10"13 A/cm2 (Reference 19). Many
design configurations would satisfy this requirement.
One such passivated thin cell design is considered as an example for the
base case in our present study. Analyses of the impact of practical barriers
on efficiency of the base case design are presented in Section III.
SECTION III
IMPACT OF PRACTICAL BARRIERS ON SILICON SOLAR CELL PERFORMANCE
Base case design parameters of a passivated thin silicon solar cell,
analyzed in this study, are given in Table 1. Schematic cross section of this
design is shown in Figure 1. A O.lil-cm, p-type, 100/tm thick substrate with
a 0.2am diffused n+-region forms the cell. The T in the base is assumed to
be 250 fj.s. Both the front and back surfaces have contacts through etched
windows in thermally grown passivated oxide. As shown in Figure 1, these
contacts consist of thin, highly doped polycrystalline silicon on both surfaces
under the Ti-Pd-Ag metal grid on the front and under an aluminum layer
followed by Ti-Pd-Ag evaporation on the back. The aluminum layer adjacent to
the 100 A* thick oxide layer also acts as the back surface reflector. The
combined surface passivation of the open surfaces, and that under the contact
with the use of polycrystalline silicon, is assumed to result in an effective
recombination velocity at the front (SF) and at the back surface (SB) of about
100 cra/s. This cell is evaluated to achieve 21.59% cell efficiency with
Voc = 696 mV, Jsc = 36.71 mA/cm2, and FF = 0.845.
Further an ideal case is analyzed in which only the SRH recombination is
considered. All other loss mechanisms such as Auger recombination, band-gap
narrowing effects, etc., are ignored. Technology limited barriers, such as
SF, SB and shadowing (including reflection), are assumed to have zero values.
The efficiency for this ideal case is evaluated with T as a parameter.
Practical barriers such as heavy doping effects (Auger recombination, and band
gap narrowing), surface recombination velocities and shadowing are then
introduced sequentially and the cell performance is evaluated. The impact of
these oarriers are quantified individually and collectively, and a detailed
discussion is presented in this section.
A. MINORITY-CARRIER LIFETIME (T)
The Tin the bulk is directly associated with recombination processes as
a result of crystal imperfections, such as point defects and dislocations, or
due to chemical impurities. In principle, these recombination mechanisms can
be eliminated, almost completely, in a perfect crystal. Auger recombination
and band-gap narrowing are fundamental mechanisms and are unavoidable. To
develop high-efficiency cells it is necessary to have high purity material
with high lifetimes. For the ideal case, considering only SRH recombination,
the cell performance is dependent only onT. In this study, the value of T is
varied over a wide range from 1 second to 20/is and the cell performance
parameters are presented in Table 2. Considering the rvalue of 1 ms, the
efficiency estimated is 29.02% (Voc = 831 mV, Jsc = 40.56 and FF = 0.861),
which is comparable with the theoretical limit for a p-n junction silicon
solar cell of 30% estimated by Shockley and Queisser (Reference 3) and Mathers
(Reference 5). For T value of 1 second, the corresponding efficiency is 38.2%
(Voc = 1146 mV, Jsc = 40.59 mA/cm2, FF = 0.821). It is observed from
Table 2 that, for the variation of T from 1 ms to 1 s, the improvement in
efficiency is mainly due to increase in Voc as a result of reduction in
reverse saturation current density. It is also observed from Table 2, that
Table 1. Passivated Thin Silicon Solar Cell Design Parameters
Doping Profile:
Front Surface Doping:
Front Junction Depth:
Shadowing (including reflection):
Bulk Doping (B):
Cell Thickness:
Back Surface Reflector:
Illumination:
Complimentary Error Function
1.0 x 1018/cm3
0.2/nm
7%
5 x 1017/cm3
100/im
Provided
100 mW/cm2 (AM 1.5)
Additional Parameters Used for Numerical Evaluation
Minority-Carrier Lifetime in the Base: 250/is
Front Surface Recombination Velocity (SF): 100 cm/s
Back Surface Recombination Velocity (SB): 100 cm/s
Auger Recombination:
Band-gap Narrowing:
Heavy Doping Effects
considered
Slotboom and De Graaff model is
used
Performance Evaluation Results
Open Circuit Voltage (Voc)
Short Circuit Current Density (Jsc) =
Fill Factor (FF)
696 mV
36.71 mA/cm2
0.845
Efficiency O1?) 21.59%
AJ! BSR
/n1 POLYS I LI CON /Ti Pd Ag
0.2
p POLYS I LI CON
2 i
Ti Pd Ag
Figure 1. Schematic Cross-Section of a Passivated Thin Silicon
Solar Cell Design
Table 2. Effect of Minority-Carrier Lifetime (r), on Silicon
Solar Cell Performance*
voc
T UV)
1 s 1146
100 ms 1026
10 ms 911
1 ms 831
250 s 793
20 s 730
(mAW)
40.59
40.59
40.59
40.56
40.47
39.25
FF
0.821
0.818
0.844
0.861
0.858
0.850
Efficiency
(%)
38.20
34.09
31.23
29.02
27.55
24.33
*NOTE: The following conditions are assumed.
SF = SB = 0 cm/s, Shadowing = 0%.
Auger Recombination and Band-gap Narrowing - not considered.
Geometrical Parameters and Illumination - same as the base case (Table 1),
reduction of r from 1 ms to 20 /is has caused the efficiency to drop from
29.02% to 24.33%. rvalues of the order of 20/is are experimentally achieved
(Reference 1) and higher values of the order of 250/is may be required for
high efficiency cells. Impact of practical barriers is therefore analyzed for
the two T values of interest (r= 250/is and T= 20/is). Effect of Auger
recombination is considered next.
B. AUGER RECOMBINATION
The ideal case described earlier is modified by considering band-to-band
Auger recombination in addition to the SRH recombination. All the other
parameters are assumed to be the same as for the ideal case. T for Auger
recombination (T&) depends quadratically on the doping concentration and is
computed by using the empirical relationship of Dziewior and Schmid
(Reference 18). Values of T for SRH recombination ("Z"sRH^  considered are
250/is and 20/is. Effective r ("T^ FF^  is computed by using the following
formula.
(4)
One can see tnat Tgpp is less than both TSRH and T^ and is influenced
more by lower of the two values. The solar cell performance results, showing
the impact of Auger recombination for the two values of S^RH' are presented
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in Table 3. The Auger effect has reduced the efficiency from 27.55% to 25.18%
caused by the drop in Voc from 794 mV to 743 mV. There is no significant
difference in Jsc or FF for the two cases. This suggests that from Equation 1,
the T]7pp for case B is less than 250 ^ .s (influenced by T^ ). Similarly,
cases C and D reveal that the effect of Auger recombination, when Tg^ is
20 p.3
 y is marginal; indicating that Tjjpp in case D is controlled by Tg^ .
It is observed from the results of Table 3 that the amount of impact of Auger
recombination is dependent on the relative values of T^ and Tgj^ jj. As Tgpp
is controlled by the lower of the two values, Auger recombination has marginal
effect if TgRH is much less than T^. On the other hand if T^ is less
than TgjQj, no matter how large the value of TgRH is, Auger recombination
would have a dominating impact on Tgpp and, hence, cell performance. Effect
of band-gap narrowing is considered next.
C. BAND-GAP NARROWING (BGN)
Nonunifonn band structure due to heavy doping is considered by Slotboom
and De Graaff band-gap narrowing model (Reference 14). It may be noted that
the data for p-type silicon is also used for n-type silicon. The cell per-
formance results of considering only BGN (without considering Auger recombina-
tion) for the TRn values of 250 /is and 20/J.s are shown in Table 4. One can
observe from Table 4 that impact of BGN is to reduce V(
and D of Table 4 reduction of
reduction in efficiency.
oc. For the cases B
Voc is about 30 mV, causing the corresponding
Table 5 represents both the individual and combined effects of considering
both Auger recombination and band-gap narrowing for TgRjj of 250 p.s and 20/j.s
(discussed in Tables 3 and 4). When both these effects are considered
simultaneously (cases D and H), the net effects on Voc and efficiency are
obtained by addition of their individual effects on these parameters.
Table 3. Effect of Auger Recombination on -Silicon Solar Cell Performance*
Case
A
B
C
D
SRH
250^ .3
250 p.s
20 fj.s
20 p.s
Auger
Recombination
OFF
ON
OFF
ON
V0c
(mV)
793.4
743.0
729.9
720.7
(mA/cm2)
40.5
39.8
39.3
38.7
FF
0.858
0.852
0.850
0.848
Efficiency
27.55
25.18
24.33
23.67
*NOTE: The following conditions are assumed.
SF = SB = 0 cm/s, Shadowing = 0%.
Band-gap Narrowing - not considered.
Geometrical Parameters and Illumination - same as base case (Table 1).
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Table 4. Effect of Band-gap Narrowing (BGN) on Silicon
Solar Cell Performance*
Case TSRH
A 250 /is
B 250 /is
C 20 /is
D 20 ^
BGN
OFF
ON
OFF
ON
VQC
(mV)
793.4
763.0
729.9
699.4
JSG
(mA/cm2)
40.5
40.5
39.3
39.3
FF
0.858
0.854
0.850
0.845
Efficiency
(%)
27.55
26.37
24.33
23.18
*NOTE: The following conditions are assumed.
SF = SB = 0 cm/s, Shadowing = 0%.
Geometrical Parameters and Illumination - same as base case (Table 1).
Auger Recombination - not considered.
Table 5. Effect of Auger Recombination and Band Gap Narrowing
(BGN) on Silicon Solar Cell Performance*
Case TSRH
A 250 /is
B 250 /is
C 250 /is
D 250 /is
E 20 /is
F 20 /is
G 20 /is
H 20 /is
Auger
OFF
ON
OFF
ON
OFF
ON
OFF
ON
BGN
OFF
OFF
ON
ON
OFF
OFF
ON
ON
V0c
(mV)
793.4
743.0
763.0
712.5
729.9
720.7
699.4
690.2
(mA/^)
40.5
39.8
40.5
39.8
39.3
38.7
39.3
38.7
FF
0.858
0.852
0.854
0.848
0.850
0.848
0.845
0.848
Efficiency
27.55
25.18
26.37
24.01
24.33
23.67
23.18
22.54
*NOTE: The following conditions are assumed.
SF = SB = 0 cm/s, Shadowing = 0%.
Geometrical Properties and Illumination - same as base case (Table 1).
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As noticed earlier Jsc is affected only by Auger recombination and not
by BGN. Effect of surface recombination velocities, with SF and SB having
values greater than zero, is considered next.
D. SURFACE RECOMBINATION VELOCITIES (SF, SB)
In this study, both the front and back surfaces are considered to be
passivated and both SF and SB are assumed to have the same effective values.
For both of them, specific values of 0, 100 and 1000 cm/s are considered. For
the two values of TgRH (250/is and 20 /is), the cell performance results by
varying SF and SB from 0 cm/s to 1000 cm/s, are presented in Table 6. It is
observed from the results of Table 6 that there is more than 2 percentage
point improvement in efficiency by reducing SF and SB from 1000 cm/s to
100 cm/s (cases B and C) for TgR^ of 250 /is. Correspondingly, there is more
than 1.5 percentage point improvement for TSRH of 20 /is (cases E and F).
This shows that passivating both the surfaces is of great importance in
achieving higher cell efficiencies. Impact of SF and SB becomes more critical
when the Tgpp is very large. It is also observed that reduction of surface
recombination losses has an impact on improving both Voc and Jgc and,
hence, efficiency.
In the above cases, the shadowing effect due to metallization and
reflection loss from the front surface are not taken into account. Impact of
these parameters is considered next.
Table 6. Effect of Surface Recombination Velocities (SF and SB)
on Silicon Solar Cell Performance*
Case
A
B
C
D
E
F
TSRH
250 /is
250 /is
250 ^s
20 /is
20 /is
20 /is
SF
(cm/s)
0
100
1000
0
100
1000
SB
(cm/s)
0
100
1000
0
100
1000
V0c
(mV)
712.5
698.0
660.0
690.2
683.6
656.6
•*sc
(mA/cra2)
39.8
39.5
38.1
38.7
38.5
37.5
FF
0.848
0.845
0.839
0.843
0.842
0.838
Efficiency
(%)
24.01
23.28
21.08
22.54
22.18
20.62
*NOTE: The following conditions are assumed.
Shadowing = 0%.
Geometrical Parameters and Illumination - same as base case (Table 1).
Auger Recombination - considered.
Band-gap Narrowing - considered.
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E. SHADOWING
In this one dimensional analysis, both shadowing loss due to
metallization and optical reflection loss from the front surface are combined
together. The metal grid shadowing reduces the surface area. Both these
losses together are estimated to be around 7%. By optimal design of contact
and use of antireflection coating, this loss may be reduced to about 4%. The
effect of shadowing has the direct impact of reducing Isc by the same
proportion. Voc is reduced marginally. Reduction in efficiency due to
shadowing is therefore proportional to the shadowing factor. In this study
three values of shadowing, namely 0, 4 and 7%, are considered. For each case,
with a fixed T"SRH value of 250 p.s and SF = SB of 0, 100 and 1000 cm/s are
considered. The whole set is repeated for TSRH value of 20 p.s. Solar cell
performance results for these cases are presented in Table 7 and 8 for ^SRH
of 250/xs and 20/is, respectively. It is observed from Table 7 that,
efficiency of 24% corresponding to SF = SB = 0 cm/s, shadow = 0% is reduced to
19.54% corresponding to SF = SB = 1000 cm/s and shadow = 7%, for TSRti. of
250/is. It is observed that it is essential for SF and SB to have values
around 100 cm/s and TgRH Co be around 250 fj.s for achieving cell efficiency
around 22%.
F. BACK SURFACE FIELD (BSF)
In our study with very high T values and thin cells, the minority
carrier diffusion length is greater than the cell tnickness. In addition, the
substrate is of low resistivity of O.lii-cm. Under these conditions, the BSF
has marginal or no effect on cell performance. This has been verified by
numerical analysis.
We have shown in this analysis how the maximum cell efficiency of 30% is
reduced to around 19% by considering all the practical barriers. This analysis
is performed by using one dimensional numerical analysis technique and using
empirical relationships for the constants describing the characteristics of
the solar cell. Some of the limitations of the availability of experimental
data and the simulation program are discussed in Section IV.
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Table 7. Effect of Shadowing (Including Reflection) on Silicon Solar
Cell Performance for T~SRH of 250 fts
No.
1
2
3
4
5
6
7
8
9
No.
1
2
3
4
5
6
7
8
9
Case
A-l
A-2
A-3
B-l
B-2
B-3
C-l
C-2
C-3
Table 8.
Case
A-l
A-2
A-3
B-l
B-2
B-3
C-l
C-2
C-3
SF
(cm/s)
0
100
1000
0
100
1000
0
100
1000
SB
(cm/s)
0
100
1000
0
100
1000
0
100
1000
Shadow Voc Jsc
(%) (mV) (mA/cm2)
0
0
0
4
4
4
7
7
7
Effect of Shadowing
Cell Performance for
SF
(cm/s)
0
100
1000
0
100
1000
0
100
1000
SB
(cm/s)
0
100
1000
0
100
1000
0
100
1000
712.5
698.0
660.0
711.5
696.9
658.9
710.7
696.1
658.1
39.8
39.5
38.1
38.2
37.9
36.6
37.0
36.7
35.4
(Including Reflection)
TSRH °f 20^s
Shadow Voc
(%) (mV)
0
0
0
4
4
4
7
7
7
690.2
683.6
656.6
689.2
682.5
655.4
688.4
681.7
654.7
(mA/cm2)
38.7
38.5
37.5
37.2
37.0
36.0
36.0
35.8
34.9
Efficiency
FF (%)
0.848
0.845
0.839
0.817
0.845
0.838
0.847
0.845
0.838
of Silicon
FF
0.843
0.842
0.838
0.843
0.842
0.837
0.843
0.842
0.837
24.01
23.28
21.08
23.01
22.31
20.20
22.27
21.59
19.54
Solar
Efficiency
22.54
22.18
20.62
21.60
21.25
19.76
20.90
20.56
19.12
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SECTION IV
LIMITATIONS OF THE ANALYSIS
Limitations of the present analysis are discussed under two categories:
one concerning the mathematical model used in the present study and the other
concerning the lack of experimental data for some of the empirical
relationships.
A. SIMULATION PROGRAM
One-dimensional numerical analysis program SCAP1D is used in the present
study. Inherently, the cell structure design that can be analyzed should be
simple enough so that it can be reduced to a one-dimensional equivalent. Two-
dimensional nature of metallization grid design can not be considered without
some approximation. Surface recombination velocity, used in the analysis, is
assumed to be the effective value representing both that under passivated
surface and also that under ohmic contact. Some complicated cell structure
designs, such as floating emitter and isolated dot junctions, show promise for
achieving high efficiencies. Such designs can not be reduced to their one-
dimensional equivalent and, hence, can not be analyzed numerically by any one-
dimensional code. Some of the desirable improvements to the program include:
inclusion of optical anti-reflection coatings in the code solution, incorpora-
tion of texture of the cell, quasi-two-dimensional capability to consider
opitimal metallization grid design.
It is also desirable to consider multilevel recombination centers
instead of only single level recombination center presently considered.
Fermi-Dirac statistics should be incorporated. Carrier-carrier scattering
effect on mobility is not considered at present and should be incorporated.
Consideration of dislocations and grain boundaries should be included. Hence,
it is essential to use a two-dimensional, and in some cases even a three-
dimensional, code to analyze complicated solar cell structure designs.
B. LACK OF EXPERIMENTAL DATA
The lack of reliable and accurate experimental data, for the empirical
relationships used in the numerical analysis, is a basic problem in accurate
evaluation of a given design. Some of the areas of concern are briefly
described below.
The empirical formula of Caughey and Thomas for doping dependent
mobility is valid for only majority carriers. Because of the scarcity of such
data for minority carriers, the same formula is used in the analysis.
Slotboom and De Graaff band-gap narrowing model is based on the measurements
on p-type silicon. Also, the same data is used for n-type silicon.
There has been some dispute about the accuracy of the Auger
recombination coefficients. Detailed experimental study is necessary to
establish correct values.
PRECEDING PAGE BLANK HOT FWffiC
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There is no reliable and accurate established technique for measuring
surface recombination velocities. Similarly, a technique to accurately
determine Tin thin emitters is not available.
Future research should therefore be directed towards improving the
numerical analysis technique by expanding its capability to eliminate some of
the limitations mentioned above. In addition to this research, effort should
also be directed towards measuring reliable and accurate data for the
empirical relationships.
Summary of this study is presented in Section V.
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SECTION V
SUMMARY
Silicon p-n junction solar cell performance, under 100 mW/cm^ illumination
of a passLvated thin cell design (Figure 1 and Table 1), is evaluated using
the one dimensional computer simulation program SCAP1D for a number of cases
with varying assumptions. Maximum efficiency is estimated with idealized
conditions, ignoring both fundamental and technology limited loss mechanisms.
Practical barriers such as Auger recombination, band-gap narrowing, non zero
surface recombination velocities and non zero shadowing factor, including
reflection from the front surface, are considered in succession and their
impact is evaluated and quantified.
Maximum efficiency under idealized assumptions is estimated to be 29%
using Tgpp of 1 ms, which is comparable with the previously predicted
theoretical limit of 30%. Auger recombination and band-gap narrowing, surface
recombination and shadowing losses are all assumed to be zero for tnis case.
Analysis is then performed introducing loss mechanisms sequentially
for two values of T of interest, namely 250 /is and 20 p.s. TSRH of 20 p.s
is practically achieved and TgRH of about 250 fjis is required for hign
efficiency cells. Efficiency of about 27% for the ideal case, with TgR^  of
250 /Lts is reduced to about 20% when TgRH is reduced to 20 p.s and heavy doping
effects are considered with surface recombination velocities (SF = SB) of
1000 cm/s. This effect is graphically represented in Figure 2. Shadowing,
including reflection, is considered to be 7%, which has the effect of further
reducing the efficiency to about 19%; this is comparable with the experi-
mentally achieved limit that is shown on bar C of Figure 3. Figure 3 shows
the impact on cell performance for 4% and 7% of shadowing and for SF and SB of
0, 100 and 1000 cm/s.
Technology improvements, to obtain high lifetime materials, have to be
combined with sophisticated cell fabrication procedure to reduce effective
surface recomoination velocity to 1000 cm/s for up to 20% efficiencies, and
the 100 cra/s for obtaining up to 22% efficiencies.
Usefulness of numerical analysis technique, in analyzing cell
performance and quantifying the impact of practical barriers on cell
efficiency, is established. Limitation of the one-dimensional analysis code
to evaluate complicated cell designs and the lack of reliable data and
measurement techniques is discussed. Need for directing the research efforts
in expanding the numerical analysis capabilities, generating the required data
and measurement techniques is emphasized.
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